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Shot noise in x-ray measurements with  p-i-n diodes
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The importance of shot noise is considered for situations in whit¢h diodes monitor x-ray
radiation. An expression for shot noise is derived in terms of the photon energy, the pair creation
energy of the diode material, and the photocurrent. Statistical analysis shows that the Fano factor
can be neglected for noise calculations. A lock-in amplifier measured the low frequency
photocurrent noise from an unbiased siligeitn photodiode that monitored radiation in the range

of 6—16 keV at a synchrotron beamline. With ordinary electronic amplification and shielding, shot
noise dominated other noise sources for photocurrents exceeding about@ 2305 American
Institute of Physics[DOI: 10.1063/1.1947776

PIN diodes have been establishédis convenient and i.e., it has a power density that is constant as a function of
inexpensive detectors for soft x rays in the region belowfrequency.
20 keV. They differ from conventional photodiodes in thata  When a photodiode measures radiation with photon en-
PIN diode is made with the andn layers separated by an ergy(hrv) much greater than the band gap energy of the diode
“intrinsic” region, which is effective for converting an inci- material, it is possible for each photon to produce many
dent x-ray photon into a large number of electron hole pairselectron-hole pairs. The exact number of charge carriers pro-
Because of their high sensitivity and large dynamic rangeduced per photon is not deterministic, as there will be some
PIN diodes are used for a variety of diagnostic applicationstatistical variance around an average value. Therefore, it
at synchrotron facilities. One such use is in photodiode baseghay be necessary to modify the Schottky formula of &g
beam position monitor,which detect drift and low fre- A technique to account for the variance in the number of
quency pointing noise in a focused beam of x rays. As withcharge carriers produced per photon is to interpret the accu-
all such high resolution observations, it is necessary to evalumulation of all the variably charged pulses as the superposi-
ate the measured noise in order to maximize signal to noisgon of many pulse sequences, with each sequence containing
ratio. For position sensing of laser beams in the visible wavepulses of equal charge. Each such sequence can be consid-
length region, it has been shofvim an optimally designed ered to be an individual noise source, for which the Schottky
measurement that the shot noise of photoelectrons can be tfermula holds. Because all of the pulses occur randomly and
predominant source of noise which limits resolution. In thisindependently, these pulse sequences are uncorrelated. For
work, the importance of shot noise in PIN diodes for mea-an ensemble of uncorrelated noise sources, the square of total
suring x rays is considered, and the expectations are comoise is equal to the sum of the squares of all individual
firmed in a series of simple tests. sources. Following this reasoning, one can square ED.

Electrical current flowing across a potential barrier, as inand sum oven, the number of electron hole pairs created by
a diode or a vacuum tube, obeys the rules of quantum statigach photon:
tics. Because of this, the number of electrons that pass
through the barrier during a given measurement interval will
be subject to random statistical variations. In this case, the
well known Schottky formula® for shot noise is applicable:
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Under this notationg,=n eis the charge associated with
the creation oh electron-hole pairs, anl, is the portion of
— the current that is associated Wit_h all puls_es containing a
lsh=2qIB. @) charge equal ta,. Writing I,=n e N whereN is the rate
Here,l, is the shot noise expressed in units of amperes(s™) at which pulses carrying a charge @f are produced,
q is the charggC) carried by each shot everitjs the ob-  gives:
served currenfA), andB is the bandwidtiHz) of the mea-

suring system. In most instrumentg, is equal toe=1.6 12 =28 N 3)

% 1019 C, the fundamental electronic charge. For the math- ~ 's" =

ematical derivation of this formula, current is modeled as a _

sequence of randomly occurring instantaneous pulses, so e these terms, the total observed current is:

measured current is equal ganultiplied by the rate of these o o

pulses. Shot noise is naturally unavoidable and is “white,” | =3 | =¢>, nN. (4)
n=1 n=1

¥Electronic mail: jdspear@LBL.gov Comparing Egs(3) and(4) yields:

0034-6748/2005/76(7)/076101/3/$22.50 76, 076101-1 © 2005 American Institute of Physics

Downloaded 22 Jun 2005 to 131.243.88.251. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp


http://dx.doi.org/10.1063/1.1947776

076101-2 Jonathan D. Spear Rev. Sci. Instrum. 76, 076101 (2005)

|§h 2Be(n?) caused by monochromatic radiation is being recorded in real
0o n (5) time. For x rays that are not monoch_romatic, Eﬁj.give_s a
more general expression for shot noise. The shot noise limit

where(n?) and(n) are, respectively, the mean values f8r is a statistical limit, and the highest signal to noise ratio

andn. The equation can be written also as: attainable for such a current measurement system is equal to
5 that attainable from an ideal electronic photon counting sys-
- |2Bekn%) (6) tem, which records and counts each individual photoelectric
sh (ny pulse produced in the detector.

This result is analogous to the case of avalanche photo- N order to verify the shot noise formula of EG), |
diodes, in which an applied bias potential converts a detecteBerformed a series of three tests, exposingien diode to a
photon into a cascade of electrons, thus providing Curren@onsta}nt source of x-ray radiation. These te_sts occurred at
gain. For avalanche photodiodes, the statistical variance dt€amline number 8.2.1 of The Advanced Light Source, a
the number of electrons created per photon is incorporatedynchrotron facility. This beamlirt provides a source of
into an “excess noise factor,” which is defifds the ratio monochromatic x rays in the range of 5-18 keV, with a
(M?)/{M)2, whereM is the photodiode gain. The particular stab|I|z§ed intensity. The tests were made with a prototype
design and construction of an avalanche photodiode detephotodiode based beam position monitor, in which a United
mines the value of this excess noise factor. Detector TechnologyUDT) model S-100VL silicon photo-

If high energy x rays are incident upon a semiconductodiode was exposed to x rays scattered from a metal film
that is optically thick, the pair creation energydetermines (0.5 um of Cr deposited onto a 2am thick sheet of Kapton
the value of(n), the average number of electron hole pairsPolyimide). This p-i-n diode is typical of those used for de-
created per photore is a material parameter defined by €Cting xrays. It has a surface area of 94 nam impedance
(ny=hw/e where hv is equal to the photon energy of the of 1 MQ, and a.retall cost of Ie;s than $20. The photocurrent
vas converted into a voltage signal by a Stanford Research
Systems model SR570 low-noise current preamplifier, oper-
@ting with zero bias and a gain setting of 10 nA/V. For noise

incident x rays. For monochromatic radiation, the variance i
n is governed by another material parameter,the Fano

factor. The Fano factor is a constant with a value between d a lock-i T ford h
and 1, and is used primarily for determining the energy resoMeasurements, | used a lock-in amplifitanford Researc

lution of radiation detectors. It is defindds the variance in SYStéms model SR83®perating with an equivalent noise

the number of pairs divided by the average number of pairs?@ndwidth of 4.2 Hz. This instrument has a digital signal
processor which computes noise via the mean absolute de-

(M) = (n)y? viation method.
Ty (7 In one test, | varied the measurement frequency while
keeping the photon energy fixed lat=12.1 keV. Scattered
{adiation incident on the diode produced a photocurrent of
=8.7 nA. For this current and photon energy, £9). indi-
cates thatg,/VB=3.0 pA/yHz. The measured noise for nine
hy frequencies, ranging from 1 to 49 Hz, matched the calcu-
Ish= 1/ ZBeI<F + —>- (8)  lated value for shot noise, to within the estimated measure-
€ ment accuracy of £10%. In another test, | varied the photon
The first term within the parentheses of the above equaenergy from 6 to 16 keV, in increments of 2 keV, with the
tion, F, is less than unity, while the second term generally ismeasurement frequency kept at 10 Hz. The photocurrent
much greater than unity. For example, consider a situation ifjuctuated from 0.7 to 8.3 nA. As with the first test, the ob-
which a silicon detector monitors x rays with photon energyserved noise was consistent with the shot noise formula of

of hy=10 keV. Silicon has measurédalues ofe=3.63 eV, Eq. (9). Thus, it was clear that shot noise was the primary
andF=0.115 at room temperature. Inserting these numbersource of noise in the measurement system.

into the above equation shows that the Fano factor alters the For a third test, | inserted various combinations of metal
calculated value for shot noise by only 0.002%, an amounfojl filters into the beam path, thereby reducing the photocur-
that is beyond the precision needed for noise evaluationent down to a minimum of=0.19 nA. Photon energy was
Therefore, it is reasonable to omit the Fano factor from Eqset to 12.1 kev, and noise was measured at a frequency of

=

Using the definitions of and F allows Eq.(6) to be
rewritten as an explicit expression for shot noise in terms o
material parameters and directly measured quantities:

(8) and rewrite the expression for shot noise as: 10 Hz. As with the other tests, shot noise accounted for the
h total observed noise, to within measurement accuracy. When
lsp= 2|3e|<—v), 9) the beam was completely blockéld=0), the observed noise
\V o —

was equal to 70 fA{Hz, which represents the internal noise
This is a simple and intuitive result, equivalent to Efy.  of the measurement system. For the particular photon energy
with the charge per shot being a deterministic value ofand detector material of this work, this is equivalent to the
g=e(hv/e). Thus, when photodiodes are used for monitoringshot noise from a photocurrent of 5 pA. This quantity is
x rays, the increased current provided by the high energy afiseful to know when preparing for a real measurement. If the
the photons can be considered as “noiseless gain.” This chaphotocurrent being measured is much greater than this value,
acteristic makes it different from the current gain providedefforts to improve the shielding of the detector or cables will
by avalanche photodiodes, which requires accounting for anot result in significant increase in the signal to noise ratio,
excess noise factor. Equati@® can be useful for predicting nor will an improvement of the electronic amplification sys-
shot noise in measurement systems where the photocurret@m. For measurement of currents comparable to or smaller
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than this value, such efforts may provide benefits. noise is an unavoidable effect. The objective of instrumental
The internal noise from a photodiode amplifier systemdesign should be to reduce the extraneous sources of noise

depend¥®on both the electronics of the amplifier and the until shot noise is the predominant source. In many situa-
electrical properties of the photodiode. The current amplifietions, this will be possible.
used in this work is a commonly available commercial prod-
uct, so the measured noise of level of 70 fAfz can be The author thanks John R. Willison of Stanford Research
considered typical of a value that is readily obtainable. TheSystems, and Majeed M. Hayat of the University of New
essence of such a current amplifier is an operational amplifi¥lexico, for helpful discussions. The Advanced Light Source
with a feedback resistor. An important noise source is thés supported by the Director, Office of Science, Office of
Johnson noise of the feedback resistor._The Johnson noisBasic Energy Sciences, Materials Sciences Division, of the
also called thermal noise, in units 67/ VHz), is Vngisd VB U.S. Department of Energy under Contract No. DE-AC03-
:\r’ﬁ% where k=1.38x 10722 J/K is Boltzmann’s con- 76SF00098 at Lawrence Berkeley National Laboratory.
stant, T is the temperaturéK), andR is the resistanc&)) of
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